Numerous studies have identified large quantum mechanical effects in the dynamics of liquid water. In this paper, we suggest that these effects may have been overestimated due to the use of rigid water models and flexible models in which the intramolecular interactions were described using simple harmonic functions. To demonstrate this, we introduce a new simple point charge model for liquid water, q-TIP4P/F, in which the O-H stretches are described by Morse-type functions.
I. INTRODUCTION
The potential influence of quantum mechanical zero point energy and tunneling effects on the properties of liquid water has been appreciated since at least the 1970s, 1 and modern computational studies of the problem can be traced back to the pioneering path integral molecular dynamics and Monte Carlo simulations of the liquid that were performed in the mid-1980s. 2, 3 However, the effects of quantum mechanical fluctuations on the properties of the liquid have still not entirely been resolved, and the importance of liquid water in a wide variety of chemical, biological, and geological contexts is continuing to motivate new research on this problem.
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The early path integral simulations mentioned above demonstrated that quantum mechanical effects weaken the hydrogen-bonding network in liquid water and make it less structured than its classical counterpart. 2, 3 More recently, the centroid molecular dynamics 5, 6 (CMD) and ring polymer molecular dynamics 7, 8 (RPMD) approximations have been used to study the role of quantum mechanical effects in the dynamics of the liquid. 9−14 These simulations have found that the rates of translation diffusion and orientational relaxation in ambient water increase by a factor of approximately 1.5 when quantum mechanical fluctuations are included. Similar quantum effects have also been obtained using other simulation methods, including the Feynman-Hibbs (FH) method 15 and the Feynman-Kleinert linearized path integral (FK-LPI) approach, 16 and for a variety of different water models. Overall, the general concensus that has emerged from these studies, namely that the disruption of the hydrogen-bonding network caused by quantum fluctuations leads to a less viscous liquid with faster translational diffusion and orientational relaxation, would appear to be quite well established.
9−16
There are however some reasons to believe that this may not be the whole story. First, most previous studies that have assessed the role of quantum fluctuations in liquid water have used empirical potential models that were parameterized on the basis of classical simulations. Quantum simulations of such models lead to a "double counting" of the quantum effects in the structure and dynamics of the liquid. This typically results in, for example, a computed diffusion coefficient for the room temperature liquid that is much larger than the experimental value, indicating that such models are unsuitable for quantum simulations. Second, many of the empirical water models that have been studied using quantum methods assume that the water monomers can be treated as rigid bodies. 10−12 Although this is convenient from the point of view of computational efficiency, it disregards the important role played by intramolecular flexibility in the liquid structure, dynamics, 17−19 and thermodynamics. 20, 21 Finally, of those flexible water models that have been studied using quantum dynamics methods, the majority describe the intramolecular flexibility using simple harmonic potentials. 9, 13, 16 The significant anharmonicity of the O-H vibration of the water monomer, which is evident from red-shifting and broadening of the O-H stretching band in the infra-red (IR) absorption spectrum of liquid water, is thereby neglected.
In the present paper, we shall address these issues by introducing a new empirical water model that has been specifically parameterized to reproduce the liquid structure, diffusion coefficient, and IR absorption frequencies in quantum, rather than classical, simulations.
Our four-site q-TIP4P/F water model is both flexible and anharmonic in the intramolecular O-H stretching vibration, and we believe that it provides a more realistic description of the effective interactions in the bulk liquid than any model that has been parameterized on the basis of classical simulations. We shall also compare and contrast our results with those of the recently developed three-site q-SPC/Fw quantum water potential, 13 and demonstrate that our model gives a better description of several properties including the melting point and the temperature dependence of the liquid density.
More importantly, we shall show that the quantum mechanical effects in our q-TIP4P/F water model are much smaller than have been observed in any previous simulation. For example, the diffusion coefficient in our quantum liquid is only around 15% larger than it is in the corresponding classical liquid, rather than ∼ 50% larger as observed in previous quantum dynamics simulations of other water models. This finding can be rationalized in terms of the competition between intermolecular and intramolecular quantum effects, and it is a direct result of using an anharmonic intramolecular potential. We find that intermolecular quantum fluctuations speed up the dynamics of the liquid by disrupting the hydrogenbonding, in agreement with previous quantum simulations. However, quantum fluctuations in the intramolecular degrees of freedom result in a larger average water monomer dipole moment in the quantum liquid than in the classical liquid. This larger dipole moment increases the strength of the intermolecular interactions and retards the molecular motion, thereby acting in competition with the intermolecular quantum effect. This competition between intermolecular and intramolecular quantum effects has not been described before and it is the main new result of the present work.
In Section II, we briefly describe the quantum water models we have studied, and in Section III we outline our simulation procedures. In Section IV we describe the results of extensive quantum simulations of the static and dynamic properties of our q-TIP4P/F water model, paying specific attention to the comparison with both experimental results and the results of simulations with the previously-developed q-SPC/Fw model. 13 In Section V, we compare the results of classical and quantum simulations of the q-TIP4P/F model and examine the competition between intra-and intermolecular quantum effects. Section VI ends the paper with some concluding remarks.
II. QUANTUM WATER MODELS
It is well established that when simulating inhomogeneous environments such as the surfaces of water and ice one should use a water model that includes an explicit treatment of electronic polarization. 22 However, when simulating the bulk liquid one can often get away with using a simple point charge model that has been parameterized to capture the polarization in a mean-field sense, 23, 24 and since this is computationally more convenient it is the approach we have adopted in the present paper.
Of the large number of simple point charge models that have been developed for liquid water, the one we have chosen as the starting point for the present work is the four-site, 
where r ij is the distance between the oxygen atoms and r mn is a distance between partial charge sites in molecules i and j. Two positive charges of magnitude q M /2 are placed on the hydrogen atoms of each molecule and a negative charge of −q M is placed at a point r M a fraction γ along the vector connecting the oxygen atom to the center-of-mass of the two hydrogens:
In order to add intramolecular flexibility to this model, we have used a quartic expansion of a Morse potential to describe the stretching of the O-H bonds and a simple harmonic potential in the bond angle,
where
Here r i1 and r i2 are the two O-H distances and θ i is the H-O-H bond angle in water molecule i. The use of Eq. (4) rather than the full Morse potential V OH (r) = D r 1 − e −αr(r−req) 2 avoids dissociation events, which would not be described correctly using such a simple model in any case. An anharmonic description of the O-H bonds is needed to recover the single broad absorption band that is seen in the O-H stretching region of the liquid water IR spectrum, whereas previous simulations have shown that a simple harmonic potential suffices to capture the H-O-H bending band.
9,13
In contrast to this functional form, the three-site q-SPC/Fw quantum water model of Voth and co-workers 13 places the negative charge on the oxygen atom (γ = 1) and uses a harmonic description of the monomer stretching and bending modes:
As has been shown previously, 13 and we shall demonstrate again below, this purely harmonic intramolecular potential does not provide a very good description of the O-H stretching band in the vibrational spectrum of liquid water. However, since the q-SPC/Fw model was also parameterized on the basis of quantum simulations, it does provide a convenient benchmark against which to compare our present model.
In total, the interaction potential in Eqs. (1) to (4) Table I .
III. QUANTUM SIMULATION METHODS

A. Path Integral Molecular Dynamics
We have used the path integral molecular dynamics (PIMD) method The melting point calculations were a little more complicated and do need some more explanation. These were done by performing direct coexistence simulations of the water-ice interface under atmospheric pressure. 29, 30 Initial hexagonal ice configurations were generated by placing the oxygen atoms at their crystallographic sites. 31 The hydrogen atom positions were determined using the Monte Carlo procedure of Buch et al. 32 in such a way that the Bernal-Fowler rules 33, 34 were satisfied and the total dipole moment of the simulation cell was exactly zero. The initial ice configuration was then equilibrated in the presence of an Andersen thermostat and an anisotropic Berendsen barostat for 50 ps, 28 before placing the secondary prismatic (1210) face of the ice cell in contact with an equilibrated water simulation.
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In total, the coexistence simulations consisted of 696 water molecules, with 360 initially in the ice phase and 336 in the liquid. The combined ice/water system was simulated for 10 ns in the presence of an Andersen thermostat and an anisotropic Berendsen barostat. Both the number density profile of oxygen atoms along the axis perpendicular to the ice/water interface and the total potential energy of the system were used as order parameters to monitor the extent of melting or freezing during the simulation. 29, 30 The simulation was halted if complete melting or freezing was observed to have occurred. The melting temperature was determined to within 1 K for the q-TIP4P/F model and to within 5 K for the q-SPC/Fw model by repeating the whole procedure at different temperatures and using a bisection procedure to home in on the melting point.
B. Ring Polymer Molecular Dynamics
We have also used the ring polymer molecular dynamics (RPMD) method 7, 8 to calculate several dynamical properties of the room temperature q-TIP4P/F liquid, including the selfdiffusion coefficient and various orientational relaxation times. The diffusion coefficient was obtained from the time integral of the RPMD velocity autocorrelation function,
and the l-th order relaxation times for various axes η of the water molecule were obtained from the time integrals of the corresponding orientational correlation functions,
Both of these calculations have been described in detail in recent papers and we have used the same procedures in the present study. 11, 36, 37 The velocity autocorrelation functionc v·v (t)
in Eq. (6) was calculated for 2 ps by time averaging over 100 consecutive N V E RPMD trajectories of length 4 ps, with a re-sampling of the momenta from the Maxwell distribution between each trajectory. This procedure was repeated twenty times to produce an average value for and a standard error in the diffusion coefficient. The orientational correlation functionsc η l (t) were calculated up to 10 ps by averaging over 500 N V E trajectories of length 20 ps, again with a re-sampling of the momenta between each one. Where necessary, an exponential tail was fit to the correlation function beyond 10 ps before evaluating the integral in Eq. (7).
Voth and co-workers have recently calculated both D and the same τ η l s as us for their q-SPC/Fw water model using the centroid molecular dynamics (CMD) method.
13 This is closely related to RPMD and it gives similar results for systems like liquid water that are nearly classical. We ourselves prefer to use RPMD to calculate D and τ η l because it gives a more accurate approximation to bothc v·v (t) andc η l (t) in the short time limit, which is the only limit in which anything has been proven rigorously about the relative accuracies of the two approximations for a general potential. 
C. Partially-Adiabatic Centroid Molecular Dynamics
In a recent paper, 38 we have shown that IR spectra calculated using RPMD exhibit spurious peaks arising from the internal modes of the harmonic ring polymer. These peaks appear at high frequencies (above 1300 cm −1 in liquid water at 298 K), and so do not interfere with the calculation of diffusion coefficients and orientational relaxation times, both of which are zero-frequency spectral components [see Eqs. (6) and (7)]. However, the spurious peaks do contaminate the O-H stretching band of the vibrational spectrum of liquid water, which is centered at around 3400 cm −1 .
A simple fix to this problem is to adjust the elements of the Parrinello-Rahman 26 mass matrix so as to shift the spurious oscillations beyond the spectral range of interest, 38 as is done in the partially-adiabatic centroid molecular dynamics (PA-CMD) method of Hone, Rossky and Voth. 39 We have therefore used this method in the present work to calculate the vibrational spectra of the q-TIP4P/F and q-SPC/Fw water models. As we have recently argued in more detail, 38 it is convenient to choose the elements of the Parrinello-Rahman mass matrix so that the internal modes of the ring polymer are shifted to a frequency of
where β = 1/k B T and n is the number of beads in the ring polymer (n = 32 in the calculations reported below). This prescription gives Ω/2πc = 7414 cm −1 at 298 K, which is sufficiently far beyond the spectral range of interest in the liquid water vibrational spectrum that increasing Ω any further does not have any significant impact on the results. 38 It also ensures that the PA-CMD simulations can be performed with the same integration time step as is used in RPMD.
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The IR absorption spectra of the q-TIP4P/F and q-SPC/Fw models were calculated using the formula
whereĨ (ω) = 1 2π
Here n(ω) is the frequency-dependent refractive index of the liquid, α(ω) is a Beer-Lambert absorption coefficient, V is the volume of the simulation cell, c is the speed of light in a 
D. Additional Computational Details
Unless stated otherwise, all of our liquid simulations were performed at a temperature of 298 K and density of 0.997 g cm −3 with 216 water molecules in a cubic simulation box. Periodic boundary conditions were applied using the minimum image convention. Short-range interactions were truncated at 9Å and Ewald summation was employed to calculate the long-range electrostatic interactions. 44 32 ring polymer beads were used in all simulations.
A ring polymer contraction scheme with a cut-off value of σ = 5Å was employed to reduce the electrostatic potential energy and force evaluations to single Ewald sum, thereby significantly speeding up the calculations. 45 Several classical simulations were also performed for comparison by collapsing the ring polymer to a single bead (n = 1). The ring polymer time evolution was performed analytically in the normal mode representation using a multiple time-step algorithm in which the intermolecular forces were updated every 0.5 fs and the intramolecular forces every 0.1 fs. In all simulations, the system was equilibrated for 100 ps in the presence of an Andersen thermostat 27 before the accumulation of any averages.
IV. VALIDATION OF THE Q-TIP4P/F MODEL
We shall now validate the q-TIP4P/F water model by comparing its predictions for various properties of liquid water with experimental measurements when the properties are calculated using the path integral methods described above. We shall also compare the results of this model with those of the recently-developed q-SPC/Fw quantum water model.
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The competition between intra-and intermolecular quantum effects in the dynamics of the q-TIP4P/F model is a separate issue that we shall investigate by making a comparison with classical molecular dynamics simulations in Section V.
A. Static equilibrium properties
Let us begin by considering the ensemble-averaged water monomer properties of the q-TIP4P/F and q-SPC/Fw water models given in Table II. It is clear from this table that there are significant differences between the average quantum geometries of the q-TIP4P/F and q-SPC/Fw water monomers in the room temperature liquid. The bond length is greater in q-SPC/Fw by about 0.04Å, and the bond angle is greater by about 1.5
• . Despite the smaller partial charges on the q-SPC/Fw hydrogen atoms, these geometric changes result in an average monomer dipole moment in q-SPC/Fw water which is greater than that in q-TIP4P/F water by about 5%. 
where Q xx and Q yy are the quadrupole tensor components along the axis joining the hydrogen atoms and normal to the molecular plane. Q T gives an indication of the size of quadrupolar interactions in the liquid and has recently been shown to correlate strongly with the classical melting points of rigid-body water models. 47 The value of Q T for q-SPC/Fw is about 20%
smaller than that for q-TIP4P/F and this has significant implications for the melting points of the two models as we shall see below. RDFs possess too much structure in the first peak, indicating that short-range interactions between nearest-neighbour oxygen atoms are slightly too strong; however, both models are consistent with the experiment to within its reported error bars. 48 The slightly increased structure observed in the first peak for q-TIP4P/F compared to q-SPC/Fw is as a result of its larger tetrahedral quadrupole moment (see Table II and a larger bond angle than is seen in the experimental data, leading to intramolecular O-H and H-H peaks at radii that are slightly too large. This is consistent with the ensembleaveraged monomer geometries of the two water models given in Table II .
Constant-pressure PIMD simulations of both quantum water models give calculated densities at 298 K and atmospheric pressure that are in good agreement with experiment. Our calculated density for the q-SPC/Fw model is also in good agreement with that of an earlier path integral simulation. 13 However, as shown in Fig. 4 , the density of the q-SPC/Fw water model is only really satisfactory at 298 K, the temperature at which the model was parameterized. 13 As the temperature is increased or decreased, the agreement with experiment deteriorates. In particular, our calculations indicate that the density maximum for the q-SPC/Fw model occurs at 235 K, around 40 K lower than the experimental value, and at a density which is 2% greater than the experimental density maximum.
In contrast, we find that the q-TIP4P/F model gives a very good description of the temperature-dependence of the liquid density. Throughout the entire range between the melting and vapourization points of liquid water at 1 atm, the difference between the q-TIP4P/F and experimental densities is less than 0.3%. This ability of the q-TIP4P/F model to reproduce the experimental density curve is clearly inherited from the properties of the underlying rigid-body TIP4P/2005 model. 25 One reason why it is desirable to get the density curve right before simulating the ambient liquid is that it has been suggested to have some bearing on the ability of a water model to provide a good description of hydrophobic solvation.
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The melting temperature of the q-TIP4P/F model obtained from our coexistence simulations of the ice-water inferface was found to be 251 ± 1 K, around 22 K lower than the experimental value. In contrast, our coexistence simulations of the q-SPC/Fw model were found to give a melting point of 195 ± 5 K, about 78 K lower than experiment. The larger error bars associated with this value are a result of the slower motion at such low temperatures, which increases the time scale required to observe melting or ice lattice formation at the interface.
To put these numbers in context, classical simulations of common rigid water models have been found to give melting points which range from about 146 K for TIP3P to 272 K for TIP4P/Ice (which was specifically parameterized to reproduce this property). 51 Classical simulations have also found a strong correlation between the melting point and the tetrahedral quadrupole moment Q T , with a larger quadrupole moment increasing the relative stability of the ice phase leading to a higher melting point. 47 The higher quantum melting point of the q-TIP4P/F model is therefore associated with its larger average tetrahedral quadrupole moment Q T . It is also clearly inherited from the properties of the underlying rigid-body TIP4P/2005 model, which melts in classical simulations at 252 K. 25 Three-site models from the SPC and TIP3P families generally have smaller tetrahedral quadrupole moments and lower melting points, 47,51 and our computed quantum melting point for the q-SPC/Fw model is entirely consistent with this.
Previous classical simulations have also suggested that it is not possible to reproduce the experimental difference of 3.98 K between the temperature of maximum density and the melting point of hexagonal ice using simple point charge models. 52 The present quantum mechanical simulations of the q-TIP4P/F model give a 28 K difference between these two temperatures, which is in the middle of the 21-37 K range of differences found in classical simulations of similar models. 52 So the inclusion of quantum mechanical effects does not seem to help matters. It appears that an explicit treatment of electronic polarization will be needed to reproduce the small temperature difference between the temperature of maximum density and the melting point of water. This is consistent with the finding that the average dipole moment of the molecules in ice is significantly larger than that of the molecules in liquid water, indicating that significant charge redistribution occurs upon freezing.
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Another property that is likely to benefit from an explicit treatment of electronic polarization is the dielectric constant. The final row of Table II gives the dielectric constants obtained in the present path integral simulations of the q-TIP4P/F and q-SPC/Fw models at 298 K and 0.997 g cm −3 . These were calculated as
where µ is the total dipole moment of the system. Our result for the q-SPC/Fw model is consistent with the value obtained by Paesani et al. 13 in an independent path integral simulation ( r = 86 ± 4). Both models give only qualitatively reasonable values for the dielectric constant: q-TIP4P/F underestimates the experimental value by 22% while q-SPC/Fw overestimates it by 15%. These errors are not surprising given the lack of explicit electronic polarization in either model. Note also that the larger dielectric constant of the q-SPC/Fw model is consistent with its larger average monomer dipole moment.
B. Dynamical properties
Turning now to dynamical properties, Table III 
where η is the shear viscosity, L is the length of the simulation box, and ξ is a numerical constant that depends on the geometry of the simulation (ξ = 2.837 for a cubic box). This was found to give D(∞) = 0.245 ± 0.007Å 2 ps −1 for the q-TIP4P/F model, within 7% of the experimental result. For comparison with this, the diffusion coefficient of the q-SPC/Fw model calculated using CMD has been reported to be 0.24Å 2 ps −1 for a system of 216 water molecules. 13 We would expect that this value would also increase somewhat when extrapolated to the limit of infinite system size.
The remaining rows of Table III give the orientational relaxation times for three different axes of the water molecule (the H-H axis, one of the two equivalent O-H axes, and the dipole axis) obtained from RPMD simulations of the q-TIP4P/F model, along with the CMD results for the q-SPC/Fw model from Paesani et al. 13 A previous study has shown that these orientational relaxation times are less sensitive to system size effects than the diffusion coefficient and so in this case a simulation of a system of 216 water molecules is perfectly satisfactory. reported previously by Paesani et al. 13 The two calculated spectra clearly reproduce the general features of the experimental spectrum, with O-H stretching absorptions above ∼3000 cm −1 , a water bending band at around ∼1600 cm −1 , and intermolecular librational features below ∼1000 cm −1 . However, the peak at ∼200 cm −1 is absent from both of the simulated spectra. This peak arises from the low-frequency modulation of dipole-induced dipole interactions which are clearly not present in simple point charge models. 64 The relative intensities of the intramolecular bending and stretching bands also disagree with experiment in both simulations, and this again arises from the neglect of electronic polarization. The intensity of an absorption band is proportional to the square of the derivative of the dipole moment along the corresponding vibrational coordinate, and neglecting the (quite significant) induced dipole contribution to this gives the wrong intensity.
Putting these obvious deficiencies of both models aside, the q-TIP4P/F model clearly A similar result is found for orientational relaxation. Table V compares the orientational relaxation times for three different axes of the water molecule obtained from quantum (RPMD) and classical simulations of the room temperature q-TIP4P/F liquid. The quantum effect, defined as τ cl /τ qm , is seen to be around 1.18 for all three first order relaxation times and around 1.25 for the second order relaxation times. These effects are again much smaller than those seen in all previous studies of orientational relaxation in liquid water, 10, 11, 13, 14 which have typically found the quantum effect τ cl /τ qm to be around 1.5. Clearly, then, the effect of quantum fluctuations on both the translational diffusion and the orientational relaxation of our q-TIP4P/F model is significantly smaller than has been seen previously for any other water model. But why?
B. Analysis and discussion
A clear clue as to what is going on is provided by the ensemble-averaged water monomer properties of the q-TIP4P/F model obtained in classical and quantum (PIMD) simulations of the room temperature liquid (see Table VI ). The average O-H bond length of the water molecules in the quantum liquid is greater than in the classical liquid, and the average bond angle is slightly smaller. As a result of these geometric changes, the average water molecule dipole moment in the quantum liquid is larger than that in the classical liquid by about 1.6%.
A similar effect has been seen previously in an ab initio PIMD study of liquid water, 67 The results for the q-TIP4P/F model in Table VI are not therefore unreasonable, and indeed they arise from an intuitively rather obvious effect: zero point fluctuations in the anharmonic O-H stretching coordinate increase the average O-H bond length and give the water molecule a larger average dipole moment than it would otherwise possess. The only remaining puzzle in Table IV We believe that this is because the TTM2.1-F monomers dissociate to the correct products in the gas phase (uncharged radicals). 70, 73 Consequently, the molecular dipole moment in this model only shows a slight increase as the O-H bond length is increased from its equilibrium value, and indeed less so than in a typical simple point charge model [see, in particular, Finally, although we have focussed on the effect of quantum fluctuations on the dynamics of the liquid, we believe that the influence of these fluctuations on various static equilibrium properties is also likely to be less pronounced for the q-TIP4P/F model than for most other water models. To provide just one example of this, we have calculated the classical melting points of the q-TIP4P/F and q-SPC/Fw models by repeating the ice-water coexistence simulations described in Sec. III.A with the ring polymers replaced by classical particles.
For the q-SPC/Fw model, 13 this was found to give a classical melting point of 222 ± 2 K, some 27 K higher than the quantum melting point. For the q-TIP4P/F model, the classical melting point was found to be 259 ± 1 K, just 8 K above the quantum result. This is clearly a smaller quantum effect, and it is also more consistent with the experimentally-observed 
